Background: HSD3B1 and HSD3B2 are crucial enzymes for the synthesis of hormonal steroids, including aldosterone. Therefore, HSD3B gene variations could possibly influence blood pressure (BP) by affecting the aldosterone level. Methods: We performed a haplotype-and diplotype-based case-control study to investigate the association between the HSD3B gene variations and essential hypertension (EH), aldosterone level, and left ventricular hypertrophy (LVH). A total of 275 EH patients and 286 controls were genotyped for four SNPs of the HSD3B1 gene (rs3765945, rs3088283, rs6203, and rs1047303) and for two SNPs of the HSD3B2 gene (rs2854964 and rs1819698). Aldosterone and LVH were investigated in 240 and 110 subjects respectively. Results: Significant differences were noted for the total and the male subject groups for the recessive model (CC versus TCCTT) of rs6203 between the controls and EH patients (PZ0.030 and PZ0.008 respectively). The frequency of the T-C haplotype established by rs3088283-rs1047303 was significantly higher for EH patients compared with the controls (PZ0.014). Even though the polymorphism of HSB3B1 was not associated with LVH, the diplotype established by rs3088283-rs1047303 in the total subject group, along with the systolic BP, diastolic BP, and aldosterone level were significantly higher for those subjects who had the T-C haplotype versus those who did not (PZ0.025, PZ0.014, and PZ0.006 respectively). Conclusion: rs6203 and rs1047303 in the HSD3B1 gene are useful genetic markers for EH, while polymorphisms of HSD3B1 are associated with the BP and aldosterone level.
Introduction
It is likely that essential hypertension (EH) is a polygenic disorder that results from the inheritance of a number of susceptibility genes. The causal genes identified may be responsible for 30-50% of the observed inter-individual variations in blood pressure (BP) (1) . Subphenotypic stratification and measurement of biochemical and physiological intermediate phenotypes provide an important way to dissect out these genetic factors.
Aldosterone is a potent mineralocorticoid that promotes sodium retention and leads to elevation of the arterial pressure. Additionally, aldosterone may also play a role in cardiac hypertrophy that is independent of its effect on BP. Therefore, genetic variations in the regulation of aldosterone synthesis might influence the structure and function of the left ventricle.
The 3b-hydroxysteroid dehydrogenases (3b-HSD)/ D 4,5 -isomerase is the enzyme responsible for catalyzing the 3b-HSD dehydrogenation and D 4,5 -isomerization of the D 5 -steroid precursors into their respective D 4 -ketosteroids (2) . This activity is crucial for the synthesis of hormonal steroids, which includes aldos-gene (HSD3B2) is predominantly expressed as 3b-HSD in the adrenal gland, ovary, and testis (4) .
A recent study in mice shows that type VI 3b-HSD (Hsd3b6), which is functionally similar to human HSD3B1, is associated with hypertension (HT) (5) . In humans, a genetic variation in HSD3B1 can lead to an elevation in plasma aldosterone with a resultant increase in intravascular volume and HT (6) . In this study, it was reported that rs6203, which is the T/C silent substitution at codon 338 in exon 4 of HSD3B1, was associated with an elevated BP in a population of Swedish men. These previous studies indicate that the HSD3B1 and HSD3B2 genes may modulate BP and cardiac hypertrophy via changes in circulating aldosterone. To clarify this, we attempted to determine if the common SNPs and haplotypes/diplotypes of these genes were associated with BP and aldosterone levels. In addition, we also examined the differences in the echocardiographic left ventricular hypertrophy (LVH) between EH patients with normal BP and those who had never been treated for EH.
Materials and methods

Subjects
Subjects diagnosed with EH were recruited at Nihon University Itabashi Hospital and at other neighboring hospitals in Tokyo from 1993 to 2003. We enrolled 275 EH patients in the present study, with a male/female (m/f) ratio of 1.89. All the subjects had been previously screened for EH and had undergone physical and laboratory examinations. To be diagnosed with EH, the subjects had to have a family history of HT and a seated systolic BP (SBP) O160 mmHg or a diastolic BP (DBP) O100 mmHg on three occasions within 2 months after their first BP reading. A family history of HT was defined as prior diagnosis of HT in grandparents, uncles, aunts, parents, or siblings. None of the EH patients were receiving antihypertensive medications. Any patients diagnosed with secondary HT, including primary aldosteronism, were excluded from the study. A total of 286 normotensive (NT) age-matched healthy individuals (m/f ratioZ1.80) were recruited at Nihon University Itabashi Hospital and at other neighboring hospitals from 1993 to 2003 and were enrolled as control subjects. None of the control subjects had any family history of HT, and all the controls had an SBP !130 mmHg and a DBP !85 mmHg. All EH subjects and controls were Japanese. Informed consent was obtained from each subject in accordance with the protocol approved by the Ethics Committee of Nihon University (7) . This investigation was performed in line with the guidelines of the Declaration of Helsinki.
SNP selection and genotyping
A total of six SNPs were selected from the public databases available at the NCBI dbSNP and at the International HapMap Project websites (http://www. ncbi.nlm.nih.gov and http://www.hapmap.org respectively). The structures of the HSD3B genes are shown in Fig. 1 . Since the linkage disequilibrium (LD) analysis, which was based on the JPT HapMap (release 19/phaseII October 2005, on NCBI B34 assembly, dbSNP b124), found that the SNPs tagged for each locus were on the same block (r 2 O0.8), and this made it possible to perform a complete linkage block analysis.
Standard methods were used to extract DNA, while the genotyping was performed using a previously described Taq amplification method of the TaqMan SNP Genotyping Assay (Applied Biosystems Inc., Norwalk, CT, USA) (8) . In the present study, we genotyped three SNPs that spanned the HSD3B1 gene and which included, rs3765945 in the intron region (also known as T3216C), rs3088283 in the third exon (also known as The 54 Ile), and rs6203 and rs1047303 in the fourth exon (also known as Leu 338 Leu and as Thr 367 Asn respectively). The two SNPs genotyped in the HSD3B2 gene included rs2854964 (A1167T) in the second intron and rs1819698 (G7747A) in the UTR-3. Genotyping was carried out blinded to the phenotypic information with controls of the known genotype included in each genotyping run. There was a 90% success rate for the genotyping with higher and minor allele frequencies all O5%. The estimated genotyping error rate was !1%.
Haplotype and diplotype construction
Based on the genotype data for the genetic variations, we performed a LD analysis along with haplotypebased case-control analysis and diplotype construction. These analyses used the expectation maximization algorithm (9) and the SNPAlyze version 3.2 software (Dynacom Co., Ltd, Yokohama, Japan). A total of six SNPs were used for the pairwise LD analysis, with jD 0 j values O0.5 used to assign SNP locations to a single haplotype block. SNPs with a r 2 value !0.5 were selected as tagged. In the haplotype-based case-control analysis, haplotypes with a frequency !0.02 were excluded. A diplotype was defined as a pair of haplotypes in which one haplotype comes from the mother, while the other comes from the father. Diplotypes for each subject were also constructed by applying SNPAlyze version 3.2 (Dynacom Co., Ltd) (10).
Biochemical analysis
Standard methods employed by the Clinical Laboratory, Department of Nihon University Hospital were used to measure the total cholesterol, low-density lipoprotein cholesterol, aldosterone level, and renin activity in the plasma, and the creatinine and uric acid concentrations in the serum. Samples used to determine the aldosterone levels and renin activities were obtained from the subjects after they had been in a sitting position for a minimum of 30 min.
Echocardiographic examination
Echocardiography was performed in 110 individuals, (87 of the 287 EH patients and 23 of the 253 age-matched control subjects), using a standardized procedure to measure the wall thickness in 16 left ventricular wall segments. An experienced echocardiographer, who was blinded to the subject's status including genotype, examined each individual in a supine, left lateral position in accordance with the recommendations of the American Society of Echocardiography (11) . Left ventricular diastolic dimensions (LVDd) were measured online from the standard 2D-guided M-mode registrations that were determined according to the leading edge convention. The end diastolic phase (R-wave peak of the ECG trace) was considered to define the interventricular septal thickness (IVST) and posterior wall thickness (PWTd). Left ventricular mass (LVM) was calculated using the American Society of Echocardiography's recommended formula for estimation of LVM from 2D-LV linear dimensions:
KðLVDdÞ 3 ÞÞ C 0:6 g To calculate the LVM index (LVMI), the LVM was divided by the body surface area.
Statistical analysis
Based on our initial estimated sample size, the number of patients enrolled was considered to be sufficient for a gene polymorphism study. In our analyses, we obtained NT, normotension; EH, essential hypertension; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; Tot. chol., total cholesterol; HDL chol., high density lipoprotein cholesterol;
PAC, plasma aldosterone concentration; PRA, plasma renin activity; ARR, PAC to PRA ratio; LVDd, left ventricular diastolic dimensions.
Table 2
Genotype and allele frequencies in normotensives and patients with EH. 90% power during the detection of the disequilibrium at the 5% level of significance. Results of a previously published study also confirmed that our sample sizes were appropriate for this type of case-control study (12) . All continuous variables were expressed as the meanGS.D. Differences in continuous variables between the EH patients and control subjects were analyzed using the Mann-Whitney U test. Differences in categorical variables were analyzed using Fisher's exact test. Differences in the distributions of the genotypes and alleles between the EH patients and control subjects were analyzed using Fisher's exact test. The frequency distribution of the haplotypes was calculated by performing a permutation test using the bootstrap method. In addition, logistic regression analysis was performed to assess the contribution of the major risk factors. Statistical significance was established at P!0.05. All P values were adjusted for the number of tests performed by Bonferroni's correction. Statistical analyses were performed using SPSS software for Windows, version 12 (SPSS Inc., Chicago, IL, USA).
Results
In the present study, 275 EH patients and 286 agematched controls were genotyped for four SNPs that are the genetic markers for the HSD3B1 gene (rs3765945, rs3088283, rs6203, and rs1047303) and for the two SNPs that are the markers for the HSD3B2 gene (rs2854964 and rs1819698). Table 1 presents the clinical characteristics of the study participants, while the distributions of the genotypes and alleles of the six SNPs are listed in Table 2 . The six SNPs examined in our study population were consistent with the Hardy-Weinberg equilibrium (PO0.05), and the allele frequency for each of these SNPs was in agreement with the previously reported HapMap data. In males, there was a significant difference for the rs6203 genotype distribution between the EH patients and the control subjects (PZ0.026). For the total and male subject groups, there were also significant differences noted for the distribution of the recessive model of rs6203 (CC versus TCCTT) between the EH patients and the control subjects (PZ0.030 and 0.008 respectively). In male subjects, the association between the recessive model of rs6203 and EH remained significant at P!0.05 after Bonferroni's correction on the number of tests performed. For rs1047303 in the total subject group, the genotype distribution, the distribution of the dominant model (AA versus ACCCC), and the recessive model (CC versus ACCAA) differed significantly between the EH patients and the controls (PZ0.025, PZ0.022, and PZ0.045 respectively). Dominance and recessiveness of the model were defined by the frequency found for the total control individuals. While rs6203 and rs1047303 are located in the fourth exon of HSD3B1, the SNPs located within the HSD3B2 gene were not associated with EH.
To investigate the effect of the gene polymorphism on BP, we performed a logistic regression analysis that examined age, body mass index (BMI), total cholesterol, presence or absence of diabetes mellitus, and smoking. For the total and the male subject groups, the CC genotype of rs6203 differed significantly between the EH patients and the control subjects (PZ0.041 and PZ0.031 respectively). There was also a significant difference for the ACCCC genotype of rs1047303 between the EH patients and control subjects of the total group (PZ0.027, Table 3 ).
LD patterns for the HSD3B1 and HSD3B2 genes are shown at the bottom of Fig. 1 . As all the r 2 values were below 0.5, all the six SNPs were considered to be located in a single haplotype block and, thus, were suitable for use in a haplotype-based case-control study. In a haplotype-based case-control analysis, haplotypes are created via the use of different SNP combinations. Combinations based on the six SNPs used in this study resulted in a total of 51 haplotype patterns. The haplotypes with the lowest overall P value in each of the groups are shown in Table 4 . For the total subject group, the frequency of the T-C haplotype established by rs3088283-rs1047303 was significantly higher for the EH patients compared with the control subjects (PZ0.014). The frequency of the T-C-G haplotype established by rs3088283-rs6203-rs1819698 in the male subjects, and the frequency of the C-A haplotype established by rs1047303-rs2854964 in the female subjects were also significantly higher for the EH patients compared with the control subjects (PZ0.002 and PZ0.001 respectively). By using haplotypes in the controls as references, the odds ratios for EH were estimated for haplotypes which were present at a significantly different frequency between the EH and control subjects, and the T-C haplotype established by rs3088283-rs1047303 showed a significantly high odds ratio of 1.702 (PZ0.047). Subsequently, we used the haplotypes that had the lowest overall P values to establish diplotypes ( Table 5 ). The diplotype established by rs3088283-rs1047303 in the total group was associated with significantly higher SBP, DBP, and aldosterone levels in those subjects who had the T-C haplotype compared with those who did not (PZ0.025, PZ0.014, and PZ0.006 respectively).
Hypertensive subjects who had one or two copies of the T-C haplotype were also found to have higher SBP and aldosterone levels compared to those lacking the T-C haplotype (PZ0.031 and PZ0.049 respectively). In males with the diplotype established by rs3088283-rs6203-rs1819698, both the SBP and aldosterone levels were significantly higher in subjects who had double T-C-G haplotypes compared with those who only had a single or who were completely lacking the T-C-G haplotype (PZ0.012 and PZ0.039 respectively). In females with the diplotype established by rs1047303-rs2854964, SBP and DBP were significantly higher in subjects who had the C-A haplotype compared with those who did not (PZ0.005 and PZ0.001 respectively). It should be noted, however, that these diplotypes had no association with echocardiographic parameters such as LVDd, IVST, PWTd, LVM or LVMI (data of PWTd and LVM, are not shown in Table 5 ). Furthermore, we investigated the effect of the T-C haplotype on the aldosterone level. We performed a logistic regression analysis that examined age, BMI, and the plasma renin activity and showed that the haplotype is associated with higher aldosterone level (O120 pg/ml; Table 6 ).
Discussion
The current study is the first to use haplotype and diplotype analyses in the same subjects in order to investigate the association between the HSD3B1 gene and BP, aldosterone level, and echocardiographic findings. The use of haplotypes and/or diplotypes is a more recent approach that may very well be used to elucidate relationships between candidate genes and specific traits. To avoid the possible confounding effect of ethnicity, we restricted our analysis to Japanese subjects. Since we selected our experimental population on the basis of a strong family history of HT, there is an increased likelihood that our findings of a genetic contribution to HT were associated with the inherent biological power of our patient cohort. Therefore, the positive results of this study might potentially be able to explain why conflicting results have been reported in the past when HT was used as the phenotype. HSD3B is a key rate-limiting enzyme in the steroid biosynthesis pathways that produce aldosterone, estradiol, testosterone, and cortisol. It is expressed as two tissue-specific isoforms (HSD3B1 and HSD3B2) that have different substrate affinities (13) . A genome-wide linkage analysis of 420 markers (353 microsatellites and 67 restriction fragment length polymorphisms) has shown that the locus for BP variations is within the region of the HSD3B1 gene on chromosome 1p13.1 (14) . Most recently, Doi et al. (5) have shown that Cry-null mice show salt-sensitive HT due to abnormally high synthesis of the mineralocorticoid aldosterone by the adrenal gland. In Cry-null mice, Hsd3b6 mRNA and protein level are constitutively high, leading to a marked increase in Hsd3b activity and, as a consequence, enhanced aldosterone production. They also found that human HSD3B1, but not HSB3B2, is a functional counterpart of mouse Hsd3b6. In clinical examination of the human HSD3B1 gene of Swedish NTs, a positive association between BP and rs6203 (the T/C Leu 338 variant of HSD3B1) was found with higher SBP and DBP occurring in carriers of the C allele (6) . Conversely, a later study indicated that this SNP was not associated with HT in a Caucasian-Australian HT cohort, even though the study revealed that there was a tendency for higher DBP in those with the C allele (15) . Our analysis, however, did confirm that the CC genotype of rs6203 was associated with higher BP in male but not in female subjects. As in a recent study (6) , we also found that the aldosterone level tended to increase in accordance with the number of C alleles of rs6203 present. In addition, extremely high aldosterone levels were observed for the CC genotype of rs1047303 compared with the AA and the AC genotypes (data not shown). Although the reason for the gender difference was not clear, the potential mechanisms underlying the gender-related differences observed in our study merit comment. Both estrogen and aldosterone receptors are present in cardiac fibroblasts, myocyte, endothelial, and vascular smooth muscle cells. In addition, in vascular tissue, the rapid responses to aldosterone may be important in the acute control of BP (16) . Aldosterone and estrogen also elicit similar rapid nongenomic responses that use common signaling pathways (protein kinase C), and some of the responses are shown to have gender specificity (16) . Because our present sample size was not sufficiently large to define gender differences, subsequent study is warranted to investigate whether an interaction between the signaling effect of estrogen and aldosterone receptors contributes to the observed gender-related differences in BP.
In animal models, both cardiac load and high circulating aldosterone levels can stimulate fibrosis within the myocardium, leading to LVH (17) . Pathological patterns of the LV geometry have also been shown to be associated with an elevation of plasma aldosterone concentrations in the EH patients (18, 19) . It has been estimated that the role of genetic factors in causing cardiac mass variance may be as high as 60% (20) , and that these different gene variants are associated with LVH and diastolic dysfunction in EH. Heller et al. (21) assessed the influence of C344T aldosterone synthase polymorphism (CYP11B2) in left ventricular structure and humoral parameters in young NT males. They found that the TT genotype of the C344T polymorphism of the CYP11B2 gene was associated with significantly higher plasma levels of aldosterone and higher values of the LVMI. On the other hand, a systematic review (22) of the association of the CYP11B2 gene with echocardiographic parameters found that there was no significant association between the C344T polymorphism and LVM. Similarly, no significant association was found for interventricular septal wall thickness. However, the previous study did not examine the LVMI, which is an important parameter of LVH. In the present study, we evaluated the association between the HSD3B1 gene and the LVMI, in addition to other echocardiographic parameters. However, we were also unable to reach a definitive conclusion with regard to the association between the diplotypes of HSD3B1 and LVMI. One of the potentially limiting factors in the present study was the relatively small number of patients who underwent the echocardiographic examinations. Thus, the small sample size of our cohort may have limited the statistical power to detect weak associations between the diplotype and the echocardiographic parameters. We also recognize that our analysis was limited in that we only examined six of the SNPs for the HSD3B genes, and that we did not investigate the CYP11B1 and CYP11B2 genes, which are key to the control of the production of hormone during the late stages of aldosterone synthesis.
In concordance with a recent report (23), the findings for the tag SNPs and haplotype analysis in our study population further support the involvement of HSD3B1 in BP regulation with rs6203 and rs1047303 both showing a definite association with BP. In contrast, our study indicates that the polymorphism within the HSD3B2 gene, which is only 8.4 kb away from the HSD3B1 gene, was not associated with BP. Thus, the observation that the HSD3B1 gene is associated with increased BP and aldosterone levels suggests that a gain of function through a mutation in the HSD3B1 gene is actually responsible for augmenting the biosynthesis of this hormone. In addition, recent studies have indicated that mutations of the enzymes involved in aldosterone biosynthesis can result in elevated or suppressed aldosterone levels (23, 24) . Therefore, genetic polymorphisms such as rs1047303, which is a missense mutation of Thr 367 Asn in the exon of HSD3B1, might potentially modulate the exchange of the enzyme, thereby contributing to the inherited variability of the BP and aldosterone levels.
In conclusion, we employed a candidate-gene approach that uses a small set of highly informative SNPs to probe for significant associations with the BP and aldosterone levels. We observed a significant association between the HSD3B1 variants and BP. Furthermore, the results of this study provide the first evidence that HSD3B1 diplotype variations not only have a significant association with BP but also with aldosterone level in the present subjects. Overall, our results reinforce the view that inherited variations in the steroid biosynthetic pathway could have effects on both the circulating aldosterone level and BP in the Japanese population. However, our present study only included Japanese subjects, and the sample size was too small to clearly confirm the associations between SNPs at the HSD3B1 gene and EH and plasma aldosterone. A replication study with a larger and/or another population is indispensable to confirm our present results.
Declaration of interest
The authors declare that there is no conflict of interest that could be perceived as prejudicing the impartiality of the research reported. 
